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I.

INTRODUCTION

During the past several decades this country has
witnessed a tremendous increase in population,
living,

standard of

industrial expansion, and a concommitant increase

in demand for basic materials such as wood and wood products.
This increased demand for forest products has caused a
yearly increase in timber harvest in almost all of the
timber producing states, including Montana,
voted to timber production,

The area de

in spite of increasing demands

for wood products, has continued to decrease because of
improvements in agricultural technology, urban expansion,
and expansion of recreation areas.

These situations demand

greater wood production in shorter amounts of time on less
land surface.

Because of agricultural use of the better

soils, wood production must generally be carried on poorer
soils.
Plants have five general requirements for growth.
These are light, heat, carbon dioxide, water, and minerals.
The particular quality, quantity, and period of demand for
these factors varies with each species and each site.

Maxi

m u m production can be achieved by selection of species or
races to match the capabilities of the site or by applying
cultural techniques which alter the capabilities of the site
in a m a n ner beneficial to the desired species.
The first three factors--light, heat, and carbon
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dioxide--are properties of the climate and terrain.

They

cannot usually be altered or supplemented in an economically
feasible manner except in special circumstances, such as
greenhouse culture for very high value plants.

The avail

ability of water is also controlled by the climate, terrain,
and the soil, and it too can be improved only in the case
of high value plants,

such as by irrigation.

The mineral nutrient factor can be improved not only
in the case of annual crop plants but also in the case of
forest crops.

F o r example,

the mineral fertility of the

site can be altered by techniques which effect the decompo
sition of litter and slash, and cause the minerals contained
therein to return to the desired part of the mineral nutrient
cycle of the forest.

The growth of species of plants other

than the main crop may be encouraged because of their ability
to m a k e some minerals more available to the main crop.

This

is the case with nitrogen fixing species or species that are
able to extract minerals from soil materials which were
unavailable to the main crop.
These techniques utilize only the mineral nutrients
which are present on the site.

Since minerals are removed

from the site w i t h the harvest of the main crop, the m a i n 
tenance of production depends on the ability of the site to
replenish loss of minerals brought about by the removal.
F o r forest crops this removal is frequently continuous.
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Some [forest] soils do have the ability to replenish
this continuous loss, but it is believed that up to
n o w the failure to recognize this nutrient removal
u p o n nutrient-poor soils has diverted attention from
an important factor initiating both soil degration
and diminishing site productivity (Rennie, 1955),
A solution to the problem of soil degration and
diminishing site productivity in nutrient-poor soils is
fertilization (White and Leaf,

1956),

The difficulty is

the recognition of the nutrient-poor soils and the determina
tion of the amounts and kinds of fertilizer required.

The

difficulty is the assessment of soil fertility.
Bergman (1958) and Leyton (1958) distinguish three
basic methods used to assess soil fertility and nutrient
requirements of plants.

These methods are:

(1) investiga

tions into the influence of mineral supply on growth either
in pot trials or in the field, (2) soil analysis, and (3)
tissue analysis.

In actual practice two or all three methods

are applied.
Pot and field trials relate amounts and kinds of
minerals supplied with the plant's response.

They yield a

quantitative indication of the minerals required for optimum
plant growth, and, by comparison,

an indication of the

ability of the unaltered soil to supply these minerals.
Natural conditions cannot be duplicated for pot trials.
F i e l d trials with forest plants are often expensive because
of the large area of land surface involved,

the length of

time required to observe plant response, and the uncertainty
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of selecting an appropriate plot before application of the
fertilizer treatment.
Soil analysis determines mineral nutrients quantité^
tively and qualitatively present in the soil by chemical
extractions.

Proper interpretation of soil analysis is

dependent upon information relating soil mineral content
w i t h the ability of the plant to absorb the minerals,
Mitchel (1936)

stated:

It is doubtful if chemical extractions in the laboratory imitate the absorbing power of live plant roots,
especially since most tree species are mycotrophic
and m a y obtain large quantities of mineral nutrients
through the action of their symbiont fungi.
In addition, proper interpretation of soil analysis depends
on knowledge of the minerals actually required by a particular
species for optimum plant growth.
Tissue analysis measures the mineral content of entire
plants or plant parts.

The amount of minerals present in an

entire plant is the actual amount absorbed, and when combined
w i t h the observations on the growth of the plant, is a measure
of the mineral supplying capacity of the soil in which the
plant is growing.

The mineral content of plant parts may

also indicate this relation.

F o r forest trees,

stems and

branches remain at a low mineral content, whereas fruits and
seeds tend to accumulate minerals and remain at a high mineral
content.

The mineral content of foliage fluctuates with the

m i n eral supply to the roots, and can thus be used to correlate
the mineral supply with the quality of nutrition a plant is
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receiving»

The mineral content of foliage, when combined

w i t h growth observations, reflects the mineral supplying
power of the soil for the species analyzed»

This reflection

was expressed by LundegSrd (1945) when he called the percent
mineral composition of the leaves of a plant a "Spiegelwert."
literally "mirror-value," which has been translated as an
"index value»"

Lundeg#rd regarded the leaf,

since it is the

"seat of the important physiological processes of the plant"
(e»g » , photosynthesis),

as the plant part which best reflected

the quality of nutrition the plant is receiving»
Interpretation of this reflection allows evaluations
of forest soil fertility to be made from foliar analysis, as
was reported by Finn (1953), McVicker (1949), and others
(Leyton,

1948).

Foliar analysis of young immature stands

often reveals soil deficiencies that were not indicated by
growth or increment measurements.
the main trees (Walker,
understory (Walker,

Either foliar analysis of

1956) or of shrubs and herbs in the

1955) has been used to determine potas

sium-deficient soils for reforestation,

Heiberg and White

(1951) used foliar analysis of the trees to determine a
potassium deficiency of reforested pine and spruce stands in
northern New York.
Some difficulties are encountered in the interpreta
tion of foliar analysis.

The quantitative relation between

absorbed nutrients and growth is difficult to assess because
(1) minerals interact during absorption,

and (2) variations
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in foliar mineral content occur independently of this rela
tion.

Minerals interact antagonistically and synergistically

during absorption.

An antagonistic interaction between two

minerals is reflected in the foliage by a decrease in the
foliar content of one of the minerals resulting from an
increase of another.

The synergistic effect is the opposite,

wherein the increase

of one element results

increase in a second

(Smith,

in a simultaneous

1962),

The mineral content of forest tree foliage varies
with the species,

the site, the time of year of sampling,

the year of sampling,
foliage sampled,

the

the age of the tree, the
position of the sample

age of the

on the crown,

and even with the time of day the sample was collected
(Leyton,

1948),

Climatic or local environmental conditions

can also affect nutrient content; for example, Wright (1957)
reported that moisture conditions on sand dunes caused
fluctuations in mineral content of pine foliage.
was also caused by sample treatment (White,

Variation

1954), and the

chemical methods of analysis should also be considered as a
source of variation.
Unless the factors which cause variation are considered
when a sampling method is devised for a foliar analysis study,
the values obtained may not be reliable.

For example,

Fletcher and Ochrymowych (1955) reported that the foliage of
female eastern red cedar (Juniperus virginiana) had a signif
icantly higher calcium content than the male foliage.
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Since

they did not report any method w h i c h allowed for variation
in position of sample on the crown or age of foliage sampled,
this report is subject to verification.
Objectives
The study had two objectives.

First,

it was desired

to determine foliage sampling procedures with respect to
season and position of sample on the crown that would give
a sensitive and reliable "index value" (LundegSrd,

1945) for

western larch (Larix occidentalis).
Second,

the objective was to compare the mineral

requirements of western larch and lodgepole pine (Finus
contorta var.

latifolia) and indicate some mineral relation

ships of the site.

The comparisons were planned to reveal

differences between a deciduous conifer (larch) and an
evergreen conifer (lodgepole pine).

Larch and lodgepole

were selected because they were both present on the one
site, and they have equal rates of growth when young (Boe,
1958).

For these comparisons, measurements were made on

the growth and site characteristics,

indicated in Table 3.

The selected p l o t , described in Table 3, was naturally
seeded, and contained larch and lodgepole trees which were
remarkably uniform in size, age,

and spacing.

The uniformity

was such that the casual observer might assume the trees
w e r e planted by hand.

By studying foliage from trees on the

one plot, it was hoped to minimize variation due to site,
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age of the tree, and differences due to climatic and environ
mental factors.
T h e selection of a sampling procedure for larch foliage
depended on the measurement of variation in foliar mineral
content of larch according to the time of year of collection
and the position of the sample on the crown.

The measurement

of variation in foliar content of pine according to position
and age of the needle sampled was also undertaken, although
sampling procedures for pine foliage have tentatively been
established for season, position, and age.
Literature Review
The field of mineral analysis of plant tissues has been
intensively investigated.

Reviews by Ulrich (1952) and Smith

(1962) reveal the progress of investigation over a period of
ten years, during which time over 1,000 reports were made on
some facet of tissue analysis.

This has been considerably

narrowed down in the following discussion by considering only
those references which have dealt with the analysis of forest
tree foliage, and moreover by considering mainly those reports
which dealt with foliar analysis of conifers,
Leyton (1948) reviewed the literature on the study of
variation in foliar mineral content of forest trees and dis
cussed the effect of season,
crown,

the effect of position on the

and the effect of needle age.

The following review is

arranged to discuss those three factors.
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Seasonal Variation
Seasonal variation of foliar mineral content must be
considered when sampling forest tree foliage to obtain a
sensitive and reliable index value.

Leyton (1948) introduced

his review of reports on seasonal variation of forest tree
foliage with the statement;
Investigations into the seasonal absorption and
movement of mineral nutrients emphasize the importance
of the time factor in comparative
nutritional studies
on trees.
Different species vary
not only in their
requirements for nutrients but also in the times at
which these nutrients are absorbed, their variations
being reflected in a varying mineral content of the
foliage.
The results of studies on the seasonal variation in
foliar nutrient content, reported by Leyton (1948),

is that

generally the percent dry weight of Ca increases and N, P,
and K decreases with the growing season.
Problems in method of expression.

In order to determine

amounts of absorption or movement of mineral nutrients, Mitchel
(1936)

suggested that the results of studies of these factors

be expressed in absolute amounts.

Absolute amounts can be

expressed on a per leaf basis (Mitchel,
basis, or a per acre basis (Ovington,
the

1936),
1962),

a per plant
The reason for

expression in absolute amounts rather than in percent dry

weight (the usual chemical quantitative statement) is that
changes in percent concentration of living material (leaves)
does not necessarily mean a movement of minerals,

since the

leaves are increasing in dry weight ( e . g . , an increase in
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cellulose).

For a number of deciduous hardwood species,

Mitchel (1936) reported that not only Ca but also N, P, and
K increased with season on an absolute amount per leaf basis,
even though N, P, and K decreased with season on a percent
dry w e ight basis.

During the period of rapid growth, the rate

of dry weight increase was greater than the rate of absorption
of those minerals which decreased in percent dry weight.

The

absolute amounts of N, P, K, and Ca increased to a maximum
just before the leaves turned color, after which there was a
redistribution of N, P, and K, but not Ca, from the leaves.
Other workers have reported trends both in percent
content and changes in absolute weight.

Wells and Metz (1963)

studied seasonal variation in loblolly pine (Pinus taeda)
needles and expressed their results in both percent composi
tion and milligrams per fascicle.
agreed w i t h M i t c h e l 's (1936)

Their results generally

studies, above.

When determining the effect of one mineral on the
absorption of another, interpretation of results expressed as
percent dry weight is also a problem.

As the supply of a

deficient mineral was increased, the other minerals often
decreased in foliar percent content.
case of antagonism (above p. 6),

This could have been a

However,

it was not a case

of antagonism w h e n the mineral that decreased in percent
content did not decrease in absolute amount per leaf.

Leyton

(1957) u s ed the term "false antagonism" to explain a decrease
in foliar Ca percent content with increased N supply to the
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roots because the amounts of Ca absorption did not decrease.
These examples illustrate the concept of dilution.
Dilution occurs w h e n the rate of dry weight increase is
greater than the rate of mineral absorption.

The usual

explanation of the dilution effect is that the ratio of
carbohydrate to ash content in the leaf increases with the
age of the leaf.

The ash content may actually increase, but

not as rapidly as the carbohydrate content.

Dilution has

been reported by Mitchel (1934), Nemec (1935),
(1956),

and Tamm

M a n y of the forest fertilization studies reported

by White and Leaf (1956) refer to the dilution effect,
Mitchel (1936) reported the trends in content of
Norway spruce (Picea abies) foliage only in percent dry
weight because of the difficulty of expression of amount per
needle.

Moreover, whether the part analyzed is a leaf,

needle, or complete plant, the dry weight of the part can
vary independently of the relationship between absorbed
minerals and growth, as in dilution, and the concept of an
index value by absolute weight of nutrient cannot be compared
and applied to different locations and growing seasons.

The

concept of an index value is completely and more readily
useable when reported on a percentage basis.
It is difficult to express nutrient accumulation and
migration in terms of percent composition.

On the other

hand, it is difficult to obtain comparable index value data
wh e n only the absolute weight of the nutrient per leaf, or
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p articularly per needle, is reported»
Therefore, despite Mitchel*s early suggestions (1936),
n early all data based on the analyses of dried tissues is
expressed in current reports as percent dry weight (Smith,
1962); most studies of variation in mineral content with
season have studied the trend of percent composition.
The determination of mineral accumulation and migra
tion must be interpreted from absolute weights of nutrients
because of dilution and the change in dry weight.

When data

for redistribution studies is expressed in percent composi
tion, its interpretation lacks precision and can only allow
conclusions to be made on general trends.
Studies of seasonal trends in mineral content on a
percentage b a s i s .

As explained above, most workers have

studied variation in percent content,

so that the results

have been expressed as trends in content rather than as
patterns of uptake.
Seasonal trends in foliar N, P, and K content on a
percentage basis reflect the pattern of growth.
studied the trends in detail,
collections (Mitchel,
1961; White,

Workers who

such as by monthly or weekly

1936; Wells and Metz,

1963; Seillac,

1954) or workers who collected foliage during

periods of rapid growth (Walker,

1956),

all reported a

decrease in N, P, and K content with season.
studied the trends in less detail,

Workers who

such as by collections in
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June and December only (Wright and Will,

1958), reported the

trend of N, P, and K content as an increase w i t h season.
Indeed, White (1954) reported an increase in N content of
pine foliage in the fall and winter following the first
growing season.
Seasonal trends of the foliar Ca content reflect the
needle age.

Workers almost without exception reported an

increase in Ca content with season.

Wright and Will (1958)

stated there was no trend in Ca content, but because of
limited sampling (see above), their data may not be adequate
to demonstrate this effect.
The amount of decrease in N, F, and K content during
the growth flush was usually significant,

Mitchel (1936)

reported a decrease from M a y 27 to September 25 in N, P,
and K content of spruce foliage (Picea abies) , while White
(1954) reported a decrease in N, P, and K content of red
pine foliage (Pinus resinosa) from June to September.

A Ca

content increase during the growing season was reported by
Mitchel (1936) in the spruce foliage.
compared in Figure 1,

These studies are

The figure graphically presents the

magnitude of the changes in the foliar mineral composition,
and also demonstrates the differences between species in
seasonal trends.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

îî
€
il

:^uQ:^uo^

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15

Variation and fluctuation of the mineral content with
season.

Foliar N content ordinarily varied more with season

than the other nutrients studied.

White (1954) reported

significant fluctuations from week to week in N content.
H e showed significant, but not as extreme fluctuations in
the K content.

Wells and Metz (1963) and White (1954) both

reported only small fluctuation in P content of the pine
foliage studied.

Fluctuations in Ca content were small,

ranging in magnitude between K and P (Wells and Metz,

1963).

Effect of Crown Position on the Mineral Content of Foliage
Studies of the position variation.

Studies in varia

tion of foliar nutrient content with respect to position
on the crown provide results that differ according to the
investigator and the species studied.
in Table 1.

Results are summarized

White (1954) tested differences in foliar con

tent of eastern white pine (Pinus strobus) and red pine with
respect to (1) the number of whorls from the top from which
the sample was collected,

(2) aspect, and (3) terminal v.

lateral shoots on the branches.
foliage.

All samples were of current

He reported that neither aspect nor whether shoots

w e r e terminal or lateral were important sources of differences,
H e did find trends in the mineral contents of foliage from
apex to base.

The samples collected near the bottom of the

crown w e r e erratic in content but generally contained the
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highest percent concentration.

Samples collected from the

top of the crown were consistently above the mid-crown values
in mineral content.
The differences in mineral content of needles collected
from different positions on the crown of Scots pine (P.
svlvestris) and Corsican pine (P. nigra var, calabrica) were
studied by Wright and Will (1958).

They reported that in

both trees there was a consistent decrease in the percentages
of N,

P, K, and Ca in foliage from the apex to the base.
Seillac (1961) reported that the percentage of N and

K in needles in the crown of Pinus pinaster decreased from
the apex to the base.

Needles from the bottom part of the

crown had a higher percentage of P than needles from the
middle or upper part of the crown.

The percentage of P in

the needles from the middle and upper part of the crown did
not appear to differ.
Others have reported a
from

apex to the base.

decrease

in nutrient content

Wells and Metz (1963), working with

loblolly pine, reported that the percentages of K and P in
needles from different parts of the crown were in the order
of u p p e r > middle 7"hottom.

For Ca, the relationship was in

reverse to that of P and K, with a greater percentage in the
needles collected from the base of the crown.

Needles from

the u p p e r part of the crown had a smaller percentage of N
than needles from the middle or bottom of the crown.

The

percentage of N in the needles from the middle and bottom
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did not appear to be significantly different»
Will (1957), working with radiata pine (Pinus radiata) .
found,

in contrast,

the greatest concentration of P, K, and

Ca in needles from the base of the crown, with a decrease in
percentages toward the apex.

The percentage of N in the

foliage from all parts of the crown did not differ signifi
cantly,
Leyton and Armson (1955) determined that the mineral
contents of needles from the leading shoot of Scots pine gave
a better multiple correlation with growth parameters of
height, basal area, and total weight of plant material than
the mineral content of needles from the topmost lateral whorl.
If destruction of the leading shoot was to be avoided, ho w 
ever, they concluded that the use of the needles from the
lateral whorl was sufficient.
In contrast, Hinson (1961) reported that the position
of the sample on the crown did not affect nutrient status of
Sitka spruce (Picea sitchensis).
Allowance for the position effect in other foliar
analysis studies.

The position of the crown from which a

sample was taken often affects the concentration of minerals
in the foliage.

This has been recognized in other studies

employing foliar analysis.

These are summarized in Table 2,

In multiple regression studies relating the mineral contents
of foliage with growth, Leyton (1956,

1957) working on
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Japanese larch (Larix leptolopis) and Madgwick (1964) working
on red pine, collected samples from the highest level on the
crown,

for example, the uppermost lateral shoot or whorl.

Viro (1961)

sampled foliage from the highest level on the

crown in an attempt to correlate foliar constituents with
site quality of stands of Norway spruce and Scots pine.
The middle of the crown was sometimes used as a sample
position,

Heiberg and White (1951), Heiberg ^

and Walker (1955)

al. (1959),

sampled the middle of the crown, which was

the third whorl from the top, in their studies that employed
foliar analysis of some pines on reforested upper New York
farmland.

White (1954) found that variations between indi

vidual trees for the same whorl position were not important
particularly in the middle crown area, which was the third
and fourth whorl from the top of the 12 year old red pine
and eastern white pine trees.
Effect of Needle Age on the Mineral Content of Evergreen
Foliage
Leyton (1948) briefly discussed the effect of needle
age on its mineral nutrient content.

On the same tree, the

older needles contained m o r e Ca, Cl, and M n and less N and P;
whereas Mg, K, and Fe contents remained fairly constant,
L e y t o n (1948) concluded, "It would appear that, in general,
older needles form better material for analysis in so far as
they tend to be depleted at the expense of the growing regions,”
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The reasons for this conclusion are not explained»

The

effect of age on the mineral constituents of the foliage
has been recognized by recent studies using foliar analysis.
Table 2 summarizes the observation that most investigators
have used current needles.
In studies of the effect of age all investigators
consistently reported an increase of Ca with age of the
needle analyzed,

Leyton and Armson (1955) working with

Scots pine, Wright and Will (1958) working with Scots and
Corsican pine, and Heiberg et aJL. (1959) working with red
pine, all reported a decrease of N, P, and K percent content
wh e n comparing content of current needles to that of older
needles.

Will (1957) also reported a decrease in N content

w i t h age of radiata pine needles, but in contrast he reported
an increase of P in the same needles,

Viro (1961) reported

a decrease in P and K, but no trend in the N content of
Scots pine and Norway spruce needles with age.

Table 1

summarizes the results of studies on the age effect.
Summary and Discussion of Literature Review
Studies of variation in foliar mineral content have
been conducted to establish collection procedures which would
yield a sensitive and reliable index value for the various
species and sites.

Conclusions reached by the investigator

as to what time of the year to sample the foliage, what
position, or what age of needle, depend on his preference
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for either (1) sensitivity or (2) precision.
in another w a y by Wells and Metz (1963),

This is stated

After studying in

detail the variation in foliar content due to season, posi
tion, and age, they assumed the criteria for establishing a
sampling method were:

(1) significant index value differences

between plots and (2) a time period of relatively constant
percentage of an element.
In such a case the method yielding maximum index value
differences between plots would correspond to that giving
maximum sensitivity.

The method yielding a relatively con

stant percentage of a mineral would correspond to that
yielding the maximum precision.
Both White (1954) and Wells and Metz (1963) intensively
studied variation with position.

Unfortunately,

the two

reports do not agree on the suggested position of sample.
White reported:

^Variations between individual trees for the

same whorl position were not important particularly for the
middle-crown area."

(The low variation between individual

trees is a measure of precision,)

When White (1954) suggested

that the mid-crown position be used in sampling for foliar
analysis, he considered trees of the same age and relative
size.

A l l the pine trees were 12 years old, about 10 feet

high, and had seven live whorls of branches.

In contrast.

Wells and Metz (1963) recommended that samples from the upper
crown of loblolly pine be used:
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Plot differences could be detected by samples from
any position on the crown sampled in this study.
The
effect of position on the crown was evident for all
nutrients; therefore, samples should be taken from
the same well-defined crown position for comparison
between trees or plots.
Since the effect of crown
position becomes greater as crown competition increases,
it appears that samples from the upper part of the crown
w ould be the most reliable basis for comparing trees.
The variation of "crown competition" referred to by
Wells and Metz (1963) was present between trees of different
plots, w h i c h were of different sizes,

spacings, and ages.

The

distribution of minerals within the crown varied between these
trees according to the different light influences the crowns
were subject to.

In addition, position trends were accentuated

in plots of larger trees and minimized in plots of smaller
trees.

Wells and Metz (1963)

stated that "samples from the

upper part of the crown would be the most reliable basis for
comparing trees" (from different plots) because the upper part
of the crown would be subject to the least variation in light
influences.
It is assumed that White (1954) believed the position
of least variation in constituents was to be recommended
rather than a position of maximum response, especially since
the position of maximum response (and possibly maximum dif
ferences)

in the foliage he studied was in the bottom of the

crown w here the current foliage growth was limited and results
w e r e erratic.

Foliar analysis studies made on the same trees

(or on trees of the same age and crown characteristics as
W h i t e ’s 1954 study:

for example,

those studied by Heiberg
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SSi. ill;» >

3.959; Walker,

1955; Heiberg and White,

1951) would

be as reliable when based on samples from the third whorl
from the top (crown-middle) as they would be if based on
samples from the upper portion of the crown.

If, however,

studies were made on larger trees, or trees subject to varying
degrees of crown competition,

the studies based on samples

from the upper portion of the crown would be more reliable.
Depending on the seasonal trend of the individual
element's percent content, a time of greatest sensitivity and
precision should be determined.

The procedure yielding the

maximum percent content of a mineral is associated with the
greatest sensitivity, but this procedure is not necessarily
associated with the greatest precision.
The time recommended for sampling is during periods of
low variation in foliar content.

Evergreens have periods of

low variation in their foliar contents with the late autumn
and winter:
There seems to be a plateau period particularly
in N and K contents evident in all the curves in the
late fall-early winter period which should be useful
for making tissue collections undisturbed by major
physiological changes and external climatic extremes.
(White, 1954).
The foliage collected at this time is not subject to fluctua
tions in mineral content and yields results of a high precision.
The investigator of deciduous foliage has less choice in
the time of year in which to sample.
both suffer.

Sensitivity and precision

For greatest precision the foliage must be sampled
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after growth of the Leaves themselves has ceased and before
changes caused by the approach of leaf fall have begun.
In conclusion,

the object of the study of variation in

foliar content with respect to season, position,

and age is

to be able to make detailed suggestions of sampling procedures
so that the mineral content of the sample foliage will be a
sensitive and reliable index value.

This index value must be

useable in comparisons with other plants and other sites; com
parisons which are used to determine relative qualities of
nutrition the plant is receiving and the relative mineral
supplying power of the site on which it is growing.

The best

example of detailed suggestions is the work of Wells and Metz
(1963);
The results of this study indicate that needles
of the first growth whorl of the season at the top
of the crown should be sampled in August and September
of the first growing season for P; from December
through March for K, C, and Mg; and from June through
September of the second growing season for N,
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II.

METHODS

Site Description
The trees sampled were in the Coram Experimental Forest
of the Flathead National Forest, U.S. Forest Service,

The

experimental forest is located in the Abbott Creek drainage of
the Flathead Valley,

Abbott Creek drains into the Flathead

River just above its confluence with the South Fork of the
Flathead River.

Flathead Valley is a structural valley,

arising from a fault, and the soils are derived from the decay
of dolomitic shale, the principal rock of the surrounding
mountains.

It is probably not the chemical composition of the

soil that determines the forest type, but rather its physical
composition and its capacity for holding water (Whitford,
1905).
The experimental forest is chiefly of the western larchDouglas fir (Pseudotsuga menziesii) timber type.

Larch occurs

primarily on north and east-facing slopes or other areas that
have moisture and temperature conditions favorable to seedling
establishment.
The collections were obtained from trees in the 60-acre
area in the west half of section 6, T 30 N, R 18 W, at an
elevation of 4,250 feet with a west to northwest-facing slope
of 15 to 20 percent.

The soil is a well-drained fine textured

loam and has morphological characteristics similar to the
H o l loway soil series; the parent materials are argillite and
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glacial till.

1

The area was clear-cut

9

in 1950, and larch

was reestablished naturally after good seed crops of 1952 and
1954 (Boe,

1958; Raymond Shearer, unpublished).

Almost all

of the larch and lodgepole on the site were in their 12th
growing season.

Table 3 lists the density, average basal

area, height, and terminal growth of the current and 1963
season for the two species.

Crown closure had not yet

occurred so that there was little if any shading of the
crowns by neighboring trees.

Brushy undergrowth,

including

mountain maple (Acer glabrum). Pachistima sp., and alder
(Alnus sp.) was present.
TABLE 3
STAND CHARACTERISTICS OF STUDY PLOT

Characteristic
Density,

stems/acre

Average basal area, sq,
ft. (at ground level)

Western Larch

Lodgepole Pine

1480
0.017

50
0.018

Average height (feet)

12.5

10.5

Average current terminal
growth (inches)

28.8

22.0

Average 1963 terminal
growth (inches)

19.8

14.4

1-Soil description by R. C. McConnell, U.S.F.S. , Region
1, Missoula, Montana.
^Clear-cut refers to the practice of completely remov
ing all trees during timber harvest.
Regeneration depends on
seed from parent trees surrounding the clear-cut area.
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The site was classified as a U.S. Forest Service
Quality Class II (Raymond Shearer, unpublished).

Quality

Class II for larch timber type at 100 years has dominant and
codominant trees of 84 feet average height and a volume of
15,500 bd. ft, per acre (Boe,

1958).

Collection Methods
The trees sampled were selected at random points
throughout the plot and were judged to be average repre
sentatives of the stand.

Larch samples were conveniently

collected by stripping branches of their entire spur and
needle complement.

The larch spur shoots were then left

with the foliage for the complete process.
An analysis of foliage with spurs removed gave a 5
to 10 percent increase in percentage of N when compared
with analysis of the same foliage with spurs intact.

This

was probably caused by the presence of the woody spur
tissue,

but it was assumed that branches of the same age

would have the same amount of spur tissue.
Lodgepole pine foliage was stripped from the branches
by a motion that resembled the plucking of feathers from a
fowl.

Although more laborious, only a negligible amount of

accessory fascicle tissue was retained with the foliage by
this method of detachment.
Since foliar contents vary with aspect (Leyton,

1948)

and the light influences that affect the crown (Wells and
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Metz,

1963), collections to study seasonal effect were

obtained from branches facing all directions and in the
upper third of the crown in order to minimize this varia
tion,

A #6 grocery bag was filled about three-fourths full

of sample foliage from each tree, and this yielded 6-10 gm
of dried tissue.

Different trees were sampled on each date.

The intention was to sample five trees from the study plot
every two weeks through the summer.

The actual number of

larch sampled on each date is indicated on Figure 2,

The

semimonthly collections began on July 3 and ended October
16, 1964,

The October 16 collection was composed of

separate collections of litter and chlorotic foliage still
on the tree.
Harvesting and sampling of both larch and lodgepole
pine for the study of position and age effect and for the
study of the foliage amounts took place between July 17 and
August 17,

The trees were cut down and the total foliage

stripped within five or six hours.

The foliage of the seven

larch trees for this study was analyzed for seasonal trends
in P, K, and Ca content; the collection dates for these
trees is indicated on Figure 2,

The foliage weight for each

of six lodgepole pine trees was obtained;

this foliage and

samples from two other pines were collected during the same
period.

Larch foliage was stripped systematically from the

base towards the apex,

filling the #6 bags and numbering

them consecutively as they were filled.

Lodgepole pine
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needles were separated according to age.

Each age of

needles was stripped systematically from the base towards
the apex, filling the bags and numbering them consecutively
as they were filled.

Sample position was separated by

dividing the number of bags of foliage collected into three
groups, while keeping the bags in their numbered order;
three composite sub-samples were analyzed;

(1) the lowest-

numbered group for lower-position mineral content,

(2) the

middle-numbered group for the middle-position mineral con
tent, and (3) the highest-numbered group for the upperposition mineral content.
Measurements were made on each tree of diameter at
ground level, height,

current terminal growth, and the

previous year's terminal growth.

For those trees harvested,

current terminal growth was measured before the tree was
cut down, as the fragile tip of the tree was easily broken
off and lost.
Sample Preparation
Tissue was dried at 80° C in a forced draft oven
w i thin 12 hours of its removal from the tree.

The dry

weight of the foliage of each tree or each age of needles
was then obtained.

Then for each separate analysis,

the

samples were thoroughly mixed and sub-samples of about 6-10
g m w e r e obtained.

These were ground to pass a 40 mesh

screen and placed in a sample bottle.
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Before weighing for analysis,

the ground samples

were dried again at 80° C for a few hours and cooled in a
desiccator.
Element Determination
Duplicate sub-samples of about 0,1 gm were weighed
to the nearest 0,1 mg and used for determination of nitrogen
using the Aminco semi-micro, Kjeldahl apparatus.

Separate

duplicate sub-samples of about 2 gm were weighed to the
nearest mg for the other determinations.

These samples were

digested on a hot plate by a nitric-perchloric acid mixture,
dissolved in hydrochloric acid, and filtered.
not determined; however,

Silica was

the larch tissue left far greater

quantities of insoluble material on the filter paper than
the pine tissue.

Aliquots of the filtrate were analyzed for

potassium and calcium by flame spectrophotometer, for phos
phorus by anunonium-molybdovanadate colorimetric methods.
The complete procedure is contained in Appendix I,
Methods of Statistical Analysis
Analysis of variance

3

was used throughout to study

^Moroney (1951) has noted that : "Undoubtedly one of
the most elegant, powerful, and useful techniques in m o d e m
statistical method is that of the Analysis of Variation o o «
by w h i c h the total variation in a set of data may be reduced
to components associated w i t h possible sources of variability
whose relative importance we wish to assess,"
When the components have been determined by the "F"
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the variation due to the factors of season, position, and
age.

The standard deviation and the standard error of the

mean w e r e computed from the estimate of residual variance.
The coefficient of variation obtained from the standard
deviation and mean for the particular component could then
be compared.

The complete analysis of variance tables are

reported in Appendix II,
In conjunction with the analysis of variance tests,
the Duncan's multiple range test was used to make compari
sons among the means studied (Steel and Torrie,

1960).

Methods of Computer Use
Except for the analysis of the seasonal data, the
computations used the services of the University of Montana
Computer Center,

The seasonal data could not be so ti^eated

because it had unequal replicates.

The programs used were

a "two factor analysis of variance for two or more deter
minations," and a "three factor analysis of variance for
two determinations only,"

The two determinations were the

duplicate laboratory determinations.

Data consisting of the

two responses from the duplicate determinations of the element

test to introduce significant variation, their variation can
be assessed and removed from the total variation by a type
of subtraction.
The remainder is called the residual varia
tion.
If the "F" test indicates that the component variation
is not significant, the variation of that particular com
ponent is included in an adjusted residual variance.
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were punched on each card,

A sample representing the

foliage from a particular tree, a particular position on
the crown, and a particular age of foliage of the tree
(where applicable) was represented by four separate punched
cards, one for each element determined.

This arrangement

not only made it easier to write the programs, but allowed
the factors causing variation to be analyzed in a separate
analysis of variance computation for each factor.

This is

called a "breakdown analysis" which must be performed to
study the variation of individual factors when significant
interactions are present in the problem (Moroney,

1951).

For example, the computations of a two factor analysis of
variance were performed to obtain an estimate of the varia
tion within each element for western larch.

The data was

run in the computer by arranging the cards for each element
in the order:

(1) tree one, upper position;

middle position;
upper position;

(2) tree one,

(3) tree one, lower position;

(4) tree two,

(5) tree two, middle position;

(6) tree two,

lower position . . .

(21) tree seven,

lower position.

The

residual variance and the other components of variation for
each element,

from the complete analysis of variance table

which was the printed output of the machine (Table 3,
Appendix II), could then be considered.

Then a breakdown

analysis by each position was performed to obtain an
estimate of the amount of variation within each position
and the amounts of variation due to the other components

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

36

for each position.

The second computation was performed by

merely arranging the same cards in a different order for
the computer.
order;

Cards for each position were arranged in the

(1) tree one, N; (2) tree one, P; (3) tree one, K;

(4) tree one, Ca; (5) tree two, N; (6) tree two, P; (7) tree
two, K , , , (28) tree seven, Ca,

The residual variances

from the completed analysis of variance tables were an
estimate of the variation within each position.

These

particular tables are reported in Table 4, Appendix II,
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RESULTS

Introduction
This section first reports and compares the actual
means of foliar mineral contents with respect to season,
position,

and age for larch and lodgepole pine.

In con

junction with the analysis of variance that determined the
variation within each element, Duncan's multiple range test
was used to compare the means.

This technique tested the

significance of the differences between the ranged means,
a significance that was dictated by the amount of variation
within each element.

When examined, the significance level

tested was 5 percent.

It was assumed that the measurements

were made of normally distributed populations.
The second portion of the results compares and
estimates some mineral relationships of the two species and
of the site.
In the discussion,

some aspect of the observed

seasonal trends are presented,

and then the amounts and

kinds of variation in foliar mineral content of the two
species are considered.

This data was obtained from fur

ther analysis of variance computations that analyzed
separately the variation within each respective factor,

A

further statistical analysis was useful and reliable despite
the small sample size.

A small sample size reduces the
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reliability of the actual mean values;

it still provides

sufficient data for reliable estimates of the amounts and
kinds of variation.
A kind of variation that was considered was the
"within" variation.

"Within" variation is an estimate of

the expected dispersion of individual measurements.
example,

For

the estimate of variation within the P measurements

in the larch position study, reported in Table 3, B, Appendix
11, was the residual variance estimate of the computation.
The measured components of variation, namely the variation
between trees,

the variation between positions, and the

variation due to the interaction of these components, intro
duced significant variation into the total variation and
were left out of the residual variation estimate.

Residual

variations of different-sized measurements can be compared
b y the coefficients of variation, CV,

The lower the CV the

more reliable the measurement was, for example, in indicating
an index value.
Variation between trees or elements was also con
sidered.

"Between" variation is explained as follows:

Even

if the data was obtained from a homogeneous population, the
average value of each sample should not be expected to be the
same, since even sample averages must reflect the variance
in the parent population.

In these circumstances it should

be expected that the variation between sample averages be
commensurate with the population variance as indicated by
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the variation within the individual samples.

If it should

prove that the between sample variation were significantly
greater than the within sample variation, then it should be
suspected that the samples were not, in fact, drawn from the
same population, but from populations whose average values
differed (Moroney,

1961).

Since an index value (see p.

5) should indicate

the average fertility of the site, the index values from a
number of trees should be averaged or a composite sample
from a number of trees should be analyzed for an average
index value.

The between tree variances were used to deter

mine the sample size necessary to accomplish this with
confidence.
In all the computations of Appendix II for the study
of element, position,

and age variation,

that between trees

was highly significant and approached in magnitude the
variation between position averages and age averages.

The

component of "variation between elements" was the largest
of the components,

since the different mineral elements had

the most different average percent compositions.

The element

variation could be compared in a particular sampling problem
of position or age.

Assuming that the size of the element

variation reflected the amount of fluctuation of the mineral
contents,

it was used as an index of sensitivity of the

measurement.

The sampling procedure that yielded measure

m ents of highest sensitivity was determined by comparing the
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F ratios (F value of Clements,

1964) of the variation

between elements for that procedureo

These F ratios were

part of the analysis of variance table.

The larger the F

value, the more sensitive the measurement was in indicating
an index value.
Western Larch Foliar Mineral Content
Effect of Season on Foliar Mineral Content
Nitrogen, P, and K are mobile minerals, and as such,
their foliar concentration may fluctuate throughout the
growing season.

Calcium is considered an immobile mineral,

but was also measured for comparison.
Because N is a common limiting mineral in forest
nutrition, a principal portion of the study was devoted to
measurement of trends in N content of the foliage by inten
sive semimonthly sampling.

The P, K, and Ca content of the

foliage was measured only a few times during the season.
It was hoped that trends in the N content would be similar
to trends in the P and K content, and this similarity could
be recognized from the P and K measurements, which were
limited because of the time required to complete the labora
tory analysis.
The general trend of the N content is illustrated
in Figure 2,

Eleven mean foliar N contents obtained from

collections dating from July 3 through October 16 are shown.
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The maximum value of 1.92% occurred in mid-August
after completion of extension growth.

The July 3 and July

18 collections were the low values for the early part of
the season.

The July 3 collection had 1.49% N, while the

July 18 collection had 1.61% N,

In the late part of the

season the two October 16 collections were the lowest in
N content of the values.

The foliage taken from the tree

on that

date had an N content of 0.50%, while the litter

beneath

the tree on that date had an N content of 0.40%.
The P, K, and Ca contents of foliage from the upper

part of the crown were also measured on different dates
through the season,
content.

although less intensively than the N

The general change of the content from July 17

to August 17 is shown in Figure 2; also shown on Figure 2
is the P, K, and Ca content of the litter and foliage from
the October 16 collections.
The graph indicates that the change in K content
roughly paralleled the change in N content;

there was a

general

increase in the N and K content with the growing

season,

followed by a gradual lowering of N content during

August and September after a midsummer maximum.

The K con»

tent remained almost the same between August and October
(0.95 to 0,93%).

The P content paralleled the Ca content,

rising from a relatively constant 0.30% in midsummer to a
maximum value of 0.45% just before needle abscission in
October.

The Ca content remained relatively constant at
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0.20% through the growing season and showed an increase
before needle fall to a maximum value of 0.35%.
Effect of Crown Position on Foliar Mineral Content
Trends in the mineral content of foliage from the
apex to the base are shown in Figure 3.

The percent com

position of K and P in different parts of the crown was
in the order of u p p e r > m i d d l e > bottom.

For Ca the relation

ship was the reverse, as the greatest percentage occurred
in the lower portion of the crown.

The foliage from the

upper and middle portions, however,

did not differ signifi

cantly in Ca content (significance tested is indicated in
Table 4).
Foliage from the lower part of the crown had a
smaller percentage of N than the foliage from the middle
or u pper part.

The percentages of N in the foliage collected

from the middle and upper portions of the crown were not
significantly different.
Lodgepole Pine Foliar Mineral Content
Effect of Season on Foliar Mineral Content
Although the study was not designed to measure effects
of season on the mineral content of the pine needles,
trends were observed.

some

Figure 4 shows the trend of K content

during the four-week period from July 17 to August 17 for
both the current (1964) foliage and the foliage produced last
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TABLE 4
MINERAL CONTENT OF FOLIAGE FROM DIFFERENT
CROWN POSITIONS OF LARCH, AND
ITS WITHIN ELEMENT AND
WITHIN POSITION VARIATION

Crown Position
Mineral
Element

Statistics

C.V.b'C

Upper

Middle

Lower

Mean

S.E.®

N

1,76

1.77 c

1.67

1,73

0.0143

3.09

P

0.314

0.260

0.236

0.270

0.0018

2.49

K

0.880

0.762

0.702

0.783

0.0079

3.75

Ca

0.219

0.226

0.254

0.233

0.0042

6.71

C.V.^

5.87

2.49

3.11

S. E.

is the standard error of the mean.

b.

C.V. is the coefficient of variation, from the means for
each element or the average "mineral content" of each
position.
The averaged mineral content was found by
summing the percent compositions of all four minerals
and dividing by four for each position.

c.

A n y two means not underscored by the same line are
significantly different.
The amount of variation within
each element, used to determine this significance by
Duncan*s multiple range test and to indicate the varia
tion within elements by comparing the CV for each ele
ment, was derived from the analysis of variance reported
in Table 2, Appendix II,

d.

The amount of variation within each position was derived
from the analysis of variance reported in Table 3,
Appendix II.
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year (1963) from the upper and bottom part of the crown.
The K content of the current foliage from the upper part of
the crown diminished from 0,88% on July 17 to 0,68% on July
30.

That in the upper 1963 foliage diminished less rapidly

in the same period.

The K content of current foliage from

the lower part of the crown diminished from 0,80% on July 17
to 0,66% on July 30,

That in the lower 1963 foliage did not

show this trend.
Effect of Crown Position on Foliar Mineral Content
Position effect was studied in averaged 1964 and 1963
needles;

the differences are indicated in Table 5,

The per

centage of K in needles in different parts of the crown was
in the order of u p p e r m i d d l e b o t t o m .

In the case of Ca

the relationship was reversed, with the greatest percentage
occurring in the needles from the lower portion of the crown.
Needles from the upper part of the crown had a larger per
centage of N and P than needles from the middle or bottom
of the crown.

The percentages of N and P in the needles from

the middle and the bottom were not significantly different.
Table 7 considers the individual 1964 and 1963 needles
for position effect.

The trends indicated by the values of

Table 5 for the averaged 1964 and 1963 foliage were followed
in the case of P, K, and Ca,
shown graphically in Figure 5,

The individual trends are
N did not follow the same

trend in the individual ages of foliage as in the averages.
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TABLE 5
MINERAL CONTENT OF AVERAGED 1964 AND 1963 FOLIAGE
F R O M DIFFERENT CROWN POSITIONS OF LODGEPOLE PINE,
AND ITS WITHIN ELEMENT AND
WITHIN POSITION VARIATION

Crown Position
Mineral
Element

Statistics
Lower

Mean

S.E.®

C.V.b'C

Upper

Middle

N

1.337

1.274

1.272 ,
c

1.294

0,0081

1.98

P

0.147

0.133

0.131

0.137

0.0009

2.11

K

0.663

0.636

0.608

0.636

0.0058

2.90

Ca

0.175

0.213

0.260

0.206

0.0032

4,89

C.V.^

1.74

3.57

2.99

is the standard error of the mean.

a,

S.E.

b.

C.V, is the coefficient of variation, from the means
for each element or the average mineral content for
each position.

c.

A n y two means not underscored by the same line are
significantly different.
The amount of variation
within each element, used to determine this signifi
cance, was derived from the analysis of variance
reported in Table 6, Appendix II.

d.

The amount of variation within each position was
derived from the analysis of Variance reported in
Table 7, Appendix II.
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The percentage of N in different parts of the crown in the
1963 foliage was in the order of u p p e r > lower > middle.

The

percentage differences appeared significantly different, but
were not tested statistically.

In the current foliage, the

percentage of N in different parts of the crown was in the
order of upper "p»-middle > lower.
Effect of Age on Foliar Mineral Content
When studying the effect of needle age the position
values were averaged or values from a composited sample from
the entire crown were first considered.

Trends of the

nutrient content with age of the needle is shown in Figure
6,

The current foliage contained the highest percentages

of N, P, and K;

1,32%, 0.16%, and 0.73% respectively.

The

highest percent of Ca, 0.51%, was in the oldest foliage
sampled,

consisting of growth of the 1961 season and earlier.

The concentration of N decreased as age of needles increased.
In the case of Ca, the relationship was reversed to that of
Ns

the greatest percentage occurred in the oldest needles.

The P and K concentration decreased with age until the 1962
growth of needles.

The percentage of P and K in the 1962

and 1961 needles was not significantly different (signifi
cance tested is indicated in Table 6),
In Table 7 the mineral content of foliage from dif
ferent positions was compared to determine an age effect.
O n l y the 1964 and 1963 foliar contents were compared.
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TABLE 6
MINERAL CONTENT OF DIFFERENTLY AGED LODGEPOLE PINE NEEDLES,
AND ITS WITHIN ELEMENT A N D WITHIN AGE VARIATION

Year of Needle Formation
Mineral
Element 1964

1963

1962

Statistics

1961
Mean
(and
earlier)

S.E.®

C. V.^>^

N

1,320

1,202

1,195

0.986

1.177

0.0037

1.26

P

0.157

0,114

0.105

0.105 r. 0,120

0.0007

2.24

K

0,732

0.529

0.484

0.492

0.559

0.0033

2.39

Ca

0,129

0.263

0.319

0,509

0,305

0,0023

3.01

C.V,^

2.53

2.43

0.93

1.72

a,

S.E.

is the standard error of

the mean,

b,

C.V, is the coefficient of variation, from the means
for each element or the average mineral content of each
age,

c.

A n y two means not underscored by the same line are
significantly different.
The amount of variation with
in each element, used to determine this significance,
was derived from the analysis of variance reported in
Table 4, Appendix II.

d.

The amount of variation within each age was derived
from the analysis of variance reported in Table 5,
Appendix II.
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TABLE 7

M I NERAL CONTENT OF DIFFERENTLY AGED NEEDLES FROM
DIFFERENT CROWN POSITIONS OF LODGEPOLE PINE,
AND ITS WITHIN ELEMENT AND
WITHIN AGE VARIATION

Year of Needle
Formation
Mineral
Element

Crown Position

1964

1963

N

Upper
Middle
Lower

1.379
1.361
1,276

1.295
1.187
1.268

P

Upper
Middle
Lower

0.171
0.152
0.151

0,123
0,114
0,111

K

Upper
Middle
Lower

0.758
0.714
0.701

0,568
0,558
0,515

Ca

Upper
Middle
Lower

0.118
0.139
0.166

0,232
0,286
0,354

C.V.b

2.91

2,80

S.E.b

0.0052

0,0051

Standard Error®
0.0032
0.0064
0,0113

a.

The amount of variation within each position was
obtained from the analysis of variance reported In
Table 7, Appendix II,

b.

The amount of variation within each age was obtained
from the analysis of variance reported In Table 8,
Appendix II.
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percentage of N, P, and K in the 1964 foliage for all three
positions was greatest.

This agrees with the results from

the above age study, w h i c h did not consider position.
Comparisons and Estimates of Mineral Requirements
Amounts and Mineral Contents of Total Foliage on the Trees
(Figure 7)
The total foliage estimates were obtained by weighing
all the foliage of the sample trees in midsummer.

Foliage

amounts differed, as expected in comparing a deciduous and
an evergreen species.

A regression relation between total

foliage and basal area was computed for the two species in
the hopes of providing other workers with an initial esti
mate of total foliage of larch and lodgepole trees of a
similar age and spacing:
Y = total foliage in grams
X = basal area in square feet
larch

Y = 41 + (3.203 X 10^) X

lodgepole Y = 66,3

+ (5.291 x 10^) X

The regression computed for larch, with a sample of seven
trees, had a coefficient of correlation of r = 0.90 for
basal area v, dry weight of foliage.
for

The regression computed

lodgepole, w i t h a sample of six trees, had

of correlation of r
foliage.

= 0.89 for basal area v. dry

a coefficient
weight of

Although the coefficients were significant at the

5 percent level, the reliability of these estimates was very
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low.

Larch had a 95 percent confidence limit of + 300 gm.

A more detailed study of methods for estimating the total
foliage of the trees is required,

such as that of Ives

(1959) and Richter (1960).
Boe (1958) and Tackle (1959) reported that larch and
lodgepole have equal rates of growth when young:

"Only

lodgepole can match juvenile height growth of larch where
both are growing on the same site" (Boe,

1958).

As a study

of mineral relationships the relative nutrient economy of
the two species,

that is, the amounts of minerals required

to produce a unit of growth, was roughly compared.

The

mineral contents per tree were calculated from the product
of the m ean percent composition of the mineral constituent
times the total amount of foliage, and are indicated on
Figure 7,

The comparison of the amounts of minerals present

in the foliage that are assumed to be required to produce
the roughly equal amounts of growth (the growth characteris
tics are indicated in Table 3) revealed that only the amount
of Ca in the foliage of the average pine appeared to be
greater than the amount in the foliage of the average larch.
The relative nutrient economy,

in terms of grams of minerals

required for each unit of growth, did not differ in the case
of the other minerals.
Quantity and Mineral Content of Needle Litter
Needle litter of western larch.

The midsummer dry

weight of foliage of the average larch tree of the stand was
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estimated to be 585 gm.

Loss in dry weight from the middle

of summer to the time of needle abscission can be crudely
estimated from the assumption that no large amounts of Ca
were accumulated or redistributed in the needles in that
time.

The assumption is based on the commonly accepted

observation of the immobility of Ca, whereas N, P, and K
are generally considered mobile and subject to redistribu
tion during the season and before abscission.
The percentage of Ca changed from 0.23% in midsummer
foliage to 0.37% in the needle litter.

The absolute amount

of Ca on the average tree in midsummer was 0.23 times 585,
or 1.36 gm (Figure 7).
amounts,

Assuming no large changes in absolute

the absolute amount of Ca in the litter from an

average tree was about the same.

Because of the dry weight

loss, the concentration in the litter increased to 0.37% Ca.
The absolute amount of Ca in the litter was 0,37 times " x " ,
the unknown dry weight of the litter.

These two expressions

for the absolute amounts of Ca were equated and solved for
" x " , the dry weight of the litters
0.23 (585) = 0.37 (x)
Solution of this equation, 0.23/0.37 times 585, provided an
estimate of the dry weight of litters

about 360 gm/tree.

Table 8 shows the character of change in percentage
of P and Ca from midsummer,
before abscission,

to yellowed foliage on the tree

to litter.

The same information is

graphically illustrated in Figure 2.

P and N are both
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considered mobile elements.

The P content did not decline

up to the time of yellowing and abscission on October 16,
whereas the N content showed a steady decline during that
period (as indicated in Figure 2).

It appears that P may

be one of the last mobile minerals to be removed from the
needles, as the concentration dropped markedly from 0,45%
on the tree to 0,21% in the needle litter,
TABLE 8
P AND CA CONTENTS OF LARCH FOLIAGE AND NEEDLE LITTER
COLLECTED AT DIFFERENT TIMES OF YEAR
(PERCENT DRY WEIGHT)®

Element

Time of Year

Midsummer

a.

October 16
(Yellowed foliage on
the tree)

Needle
Litter

P

0.31

0.45

0.21

Ca

0,23

0,35

0,37

F r o m Figure 2,
The P content changes from midsummer to October 16

and the corresponding Ca content changes were compared by
estimating loss in dry weight by the P content changes in
the same way the loss in dry weight was estimated by the Ca
content changes.

Assuming that the absolute amount of P in

the needles did not change appreciably from midsuraner to
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October 16, an estimate of the amount of foliage on the
tree on October 16 was obtained:

as above, the unknown

dry weight of foliage on the tree on October 16 was 0.31/0.45
times 585, or about 400 gm/tree.

The corresponding Ca

estimate, 0.23/0.35 times 585, indicated the dry weight of
the foliage on the tree on October 16 was about 380 gm/tree.
Considering that Ca is regarded as an immobile element,
whereas P is regarded as mobile, the closeness of the two
estimates is interesting.

The close correspondence of the

estimates of foliage wts/tree from these calculations is
admittedly crude,

but can serve as a reference point for

further discussion until more precise data is made available.
These calculations indicate that the estimated dry
weight of litter per tree for western larch can be revised
upward to about 380 gm/tree.
Figure 8 indicates the amounts of minerals lost in
litter per tree and per acre for both species studied.

The

amounts of minerals lost in litter per larch tree were
calculated from the estimate of litter weight per tree and
the percent content of the minerals in the litter as deter
mined in this study.
1,480 stems/acre,

The density of larch on the site was

so the amounts per tree can be expressed

in pounds per acre by multiplication by 1,480 and conversion
of grams to pounds.

This calculation indicated that the 12

year old larch contributed 124 lbs/acre of needle litter
annually to the soil.
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Needle litter of lodgepole p i n e .

Assuming that the

average needle life is four years, the amount of lodgepole
pine litter can be estimated to be one quarter the amount
of the total foliage, or 230 gm/tree,

A hypothetical lodge

pole pine forest of the same density (1,480 stems/acre)
would then contribute 75 lbs/acre of needle litter annually
to the soil.

F r o m this estimate and the percent content of

the minerals in the litter (Daubenmire,

1953),

the total

amount of minerals lost in litter per tree or the amount
contributed annually to the soil was calculated in the same
way as for larch.
Amounts of minerals returned to the soil annually by
comparable forests.

Figure 9 compares existing data on the

amount of minerals returned to the soil by leaves of north
eastern hardwoods and conifers (Lutz and Chandler,
the data from this study.

1946) with

The amounts returned to the soil

by the young lodgepole pine forest are roughly one-fifth the
amounts returned to the soil by the mature conifer forest.
The young larch forest returns one-fifth the amounts of N
and Ca of the ma t u r e conifer forest, but greater amounts of
P and K,

The larch forest returns as much P and K annually

to the soil as the mature conifer forest;

this is approxi

mately nine times as much P and five times as much K as that
returned by the comparable young lodgepole pine forest.
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IV.

DISCUSSION

Statistical Appraisal of Seasonal Variation in
Mineral Content of Larch Foliage
The analysis of variance,Table 1, Appendix II, shows
that the variation between the dates of collection was
significantly greater than the variation within each date.
Table 9 indicates that the mean N content of foliage was not
significantly different (+ 2 times the S.E.) for collections
made from July 23 to August 6 or for collections made on
September 3 and September 16.

The 1.92% content of the

August 17 collection could be the maximum value in a con
tinuous trend, but the number of trees sampled on that date
was only two.

Table 12 indicates that a sample size of 15

trees is necessary to obtain a N content of larch foliage
with a 95% confidence limit o f ± 0 . 1%.

Further, more intensive

studies are required to conclusively prove there is a con
tinuous trend with no plateau period during which the content
does not change.
Seasonal Trend During the Growing Season
Several workers (White,

1954; Seillac,

1961) have

reported an early summer maximum of N, P, and K percent
content of pine foliage followed by a gradual decline as the
season progressed.

The results of this study agree in the

case of N and K contents of larch.

The observations of
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TABLE 9

NITROGEN CONTENT OF LARCH FOLIAGE COLLECTED
ON DIFFERENT DATES

Date of
Collection

Average Percent Dry Weight
of Nitrogen^

Number of
Trees Sampled

July 3

1.49

5

July 18

1.61

5

July 23

1.74'^

2

J u l y 30

1.67

6

August 6

1.68

5

August 17

1.92

2

September 3

1,84

2

September 16

1.82

5

October 1

1.67

5
40

Total
Average

1.72

S.E.

0,02

a.

Means bounded by the same vertical line are not signifi
cantly different when tested at two times the S.E,

b.

Source:

Figure 2.
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seasonal trend in lodgepole pine, although limited, also
agree.

White (1954) found that in red pine the K content

of the upper position of the crown decreased from 0.70% in
early J u l y to 0.55% later in the same month (Figure 1),
whereas this study showed a corresponding decrease of K
content from 0.88% on July 17 to 0.68% on July 30 (Figure 4).
One explanation of this decline in content is inferred
by Viro (1961).

He stated that actively growing needles

required a high K content if the function of K is as a cation
balance to the many organic acids required for metabolism.
The trends in the K content of the current (1964). needles in
this study compared with the trends of K content in the 1963
needles (shown in Figure 4) support Viro's inferences.

The

K requirement of the actively growing current needles (as
reflected by their K content) decreased with the decrease in
needle growth rate, which had ceased by the end of July.
The K is then redistributed from the needles and approaches
that of the 1963 foliage.

Similarly,

the decline in N and

K content of the larch foliage may be due to senescence of
the foliage.

Senescense is indicated by the decline or

cessation of dry matter production in the foliage, and the
possible redistribution from the needles of some of the
minerals required for active metabolism.
In the case of larch, the fact that the P content
increased until abscission requires explanation.

The in

crease of P content can also be explained as a change in dry
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matter production in the needles*

The absolute amount of

P might increase slightly, but when the dry matter decreases
slightly at the same time, the P content could then show a
significant increase.
Because nothing is known about seasonal changes In
the rate of dry matter production of either larch or lodgepole pine foliage, an alternate explanation is possible.
The decline in N and K content can be explained as a dilution
effect,

that is, the rate of the N and K accumulation is less

than the rate of dry matter production of the maturing
foliage.

In this case the increase in P content of larch

would have to be explained as a P accumulation that was
greater than the dry matter production,
A more detailed study of larch and pine foliage is
required to obtain proof of the correlation of N, P, and K
contents with needle development.

Such a study would give

valuable insights to the determination of the function of
the minerals.

In such a study changes in absolute amounts

of minerals could be compared with the changes in dry weight
of the plant part.
Interesting studies could also be made on the re
distribution of the minerals prior to abscission.

The

m a x i m u m P content was obtained from completely yellowed
foliage just prior to abscission.

According to Shreiber

(1960) all nutrients (except Caî) should decrease in yellowed
foliage of larch,

Schreiber analyzed autumn needles of Larix
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spp.

in Europe and was able to correlate the degree of

discoloration of foliage with the amount of decrease in
nutrient content.

In this study, the N content of the

foliage decreased during yellowing, whereas the K content
remained about the same and the P content actually increased.
The litter analyses of western larch indicated on
Figure 2 are similar to reports by others.

Daubenmire

(1953) reported a mean percent content of N and P in western
larch litter with which the results of this study agree.
The percent contents of K and Ca reported by Daubenmire
(1953) do not agree with this study.

Apparently the foliage

of the younger trees of this study does not accumulate as
much Ca as the foliage of older trees of Daubenmire*s study.
The larger amounts of K in the litter of the younger trees
is interesting but unexplainable.

A comparison of the two

studies is shown in Table 10,
TABLE 10
PERCENT CONTENT OF LITTER OF WESTERN LARCH

Element

Average of All
Vegetation Types

N
P
K
Ca

Average of Two
Trees^

0,43
0.21
0.35
0.49

a.

F r o m Daubenmire (1953).

b.

F r o m this study.
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The fact of the high content of both P and Ca in the
yellowed larch foliage, 0,45% and 0,35% respectively, while
the litter contained a low content of P, 0.21%, and the Ca
content remained high at 0,37%,

strikingly demonstrates the

relative mobility of the two minerals.

The Ca remained in

the needles, while the P was redistributed back into the
perennial tissues of the tree or was lost from the foliage
or litter in some other manner before the litter was col
lected.

No estimate was obtained of the amount of time the

litter collected had been on the ground, nor was it known
h ow long the yellowed foliage would have remained on the
tree.

M ore intensive measurements of absolute amounts of

the minerals in both the foliage and the perennial organs
of the tree would be required to study fully the redistribu
tion patterns.
Sampling Procedures
Suggested Time of Sampling of Larch
Leyton (1956,

1957) collected Larix leptolepis foliage

in late August "after it had completed extension growth,"
Since no plateau period of relatively constant mineral com
position could be shown in this study, this time of sampling
appears to be the beat.

The percent mineral content of the

w e stern larch foliage is greatest at this time, and as the
foliage is at a time of greatest physiological maturity, the
index value m a y be expected to reflect the mineral status of
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the site.

The sensitivity of this reflection and the

determination of the best time of sampling can be obtained
m o r e precisely and quantitatively by the use of integral
calculus.

That form of analysis could indicate the time

of greatest sensitivity (the F value of the mineral content
component of an analysis of covariation) and reliability
(the lowest C.V,

from an analysis of covariation).

Suggested Time of Sampling of Lodgepole
The study of the trends in mineral content in lodge
pole was insufficient to allow a recommendation to be made
for collection during the growing season.
directed to that end.

The study was not

The trends did indicate that rapid

changes were occurring in current foliage during the growing
season,

so that the necessity for sampling at some other

time is indicated.

Because the majority of workers collected

pine foliage after the growing season, September appears to
be the best time for collecting lodgepole needles to obtain
an index value.

As this study primarily intended to compare

mineral relationships of the two species, it was found more
convenient to collect the pine foliage at the same time as
the larch,

in midsummer.

Suggested Larch Grown Position for Sampling
Sensitivity (F value) and reliability (C.V.) of
results from foliage collected from different positions on
the crown of larch were as follows:

upper (F = 3,236)
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(C.V, = 5.87), middle (F = 20,688) (C.V, = 2,49), and lower
(F = 12,706) (C.V,

“ 3.11),

The middle position has both

the greatest sensitivity (F = 20,688) and the least varia
bility (C.V. = 2,49).

This indicates that the most sensitive

and reliable position to sample is the middle position.

The

source of the F values for this comparison was Table 3,
Appendix II.

The source of the C.V, values for this com

parison was Table 4.
Suggested Lodgepole Pine Crown Position and Needle Age for
Sampling
Sensitivity and reliability of results from foliage
collected from different positions on the crown of lodgepole
pine were as follows:

upper (F = 61,045) (C.V. = 2.43),

middle (F = 20,688) (C.V. = 3.57), and lower (F = 18,173)
(C.V. = 2.99),

The source of the F values for this comparison

was Table 7, Appendix II.
Table 5.

The sensitivity and reliability in different ages

of foliage were as follows:
1963 (F = 21,842)
0.93),

The source of the C.V, values was

1964 (F — 13,391) (C.V. = 2.53),

(C.V. = 2.43),

1962 (F = 156,793) (C.V. =

and 1961 (F = 62,083) (C.V. = 1,72).

The source of

the F values for this comparison was Table 5, Appendix II.
The source of the C.V. values was Table 6,
The best interpretation is that the position of
greatest sensitivity and least variability was the upper
third of the crown.

F o r collections made in midsummer,
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however,

the needles going through their third growing

season (1962 needles) had the greatest sensitivity and
least variability; other workers commonly sample the current
season's growth of pine needles in the late fall.

Because

the measures of sensitivity and reliability obtained here
from foliage collected in mid summer may not hold for foliage
collected at that later time, the hypothesis that current
needles should be sampled has not been disproved.

Sensi

tivity (F value) in the older needles measured during the
growing season not only reflects the nutrient supplying
power of the site, but also reflects the fluctuations due to
the redistribution of reserve minerals out of these needles.
T h e role of these reserve minerals in growth has been studied
b y Kozlowske and Wing et (1964),

When sampling pine foliage

to obtain an index value, the time suggested is the late
autumn.

Because in this study no collections were made of

lodgepole pine needles at that time, there is no way to test
the hypothesis that current needles are most sensitive and
reliable when sampled at that time.

The hypothesis should

be accepted until disproved by further work.
Determination of Sample Size
While these variation comparisons with respect to
season, age, and position indicate which procedure gives the
most sensitive and reliable index value, a further considera
tion is sample size.

Sample size can be determined by
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considering between tree variances in Table 11.

The sample

size that would yield a desired range of confidence can be
calculated by the following formula?
n = ^2J 2 X a
w here n = sample size required
b = 95% confidence limit in percent mineral
content
a = between tree variance from Table 11.
Table 11
VARIABILITY BETWEEN TREES (VARIANCES)
FOR FOLIAR MINERAL CONTENT OF
LARCH AND LODGEPOLE PINE

Mineral Element

Western Larch

Lodgepole Pine^

Table^

(2)

(6)

N

0.036

0.138

P

0.017

0.003

K

0.073

0.048

Ca

0,004

0.013

a.

The three factor analyses of variance computed for
lodgepole pine considered data from 1963 and current
foliage only.

b.

The source of the variances is indicated by the number
of the analysis of variance table from which the tree
variance from the particular computation was taken.
Appendix II.
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F o r example,

if it was desired to obtain the N per

cent composition of larch foliage with a range of confidence
^ 0*1% for 95% of the values, the relation to determine
the sample size would be:

2 X 0.36
The suggested sample size 14.4 indicates that a com
posite sample of foliage from 15 larch trees would give a
N content that 95% of the time was within 0.1% of the true
index value.

Table 12 indicates the sample size required to

measure the four minerals in larch and lodgepole pine foliage
w i t h a range of confidence of + 0.1% for 95% of the values.
TABLE 12
SAMPLE SIZE REQUIRED TO MEASURE MINERAL CONTENT
OF LARCH AND LODGEPOLE PINE FOLIAGE WITH A
95% CONFIDENCE LIMIT OF + 0.1%

Element

Larch

N

15

P

7

K

30

Ca

2
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Comparisons of Mineral Relationships
The differences between the larch and lodgepole are
apparent in the uptake, retention, and release of minerals.
M i n eral nutrient uptake is balanced by retention plus
release (Ovington,

1962),

Whereas larch retains minerals

in the roots, branches, and stems, the pine has additional
reserves of minerals in the perenniating foliage.

Figure 7

indicates the approximate amount of minerals retained in
the pine foliage; there can be no estimation or comparison
of the total amounts retained until further studies of the
amounts in all the perenniating tissues of the two species
are made.
Discussion of Quantities and Mineral Contents of Mid summer
Foliage
Although relative nutrient economies of the larch
and lodgepole did not appear to differ in the case of N,
P, and K, as shown by Table 3 and Figure 7, a consideration
should be made of the amounts in the needles of lodgepole
of different ages.

The foliage of larch was all current

foliage, whereas the pine foliage was of several ages.
Burger (1950) reported that the younger needles of
evergreens produce on a needle weight basis more dry weight
growth than the older and middle aged needles of the fully
foliated plant.

This would have to be considered in deter

mining the function of the minerals either as reserves or
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for use in dry weight production.

The comparison of rela

tive nutrient economies in terms of actual amounts of
minerals required for production of a given total dry weight
amount would thereby be made more precise.
Discussion of Quantities and Mineral Contents of Litter
Figure 9 compares the amounts of minerals returned
to the soil annually by different types of forest.

The

young pine forest returned roughly one-fifth the amount of
the mature conifer forest.

However,

there was a larger

return of P and K by the young larch forest than the young
pine forest.

This difference in return has interesting

implications in regard to the mineral cycle in a forest
ecosystem.

The difference should be considered whenever

young larch is present in significant amounts on a site
that is to have its mineral relationships studied.

The

decomposition of the larch needle litter causes the greater
amount of P and K to return to the desired part of the
mineral nutrient cycle of the forest.
Concluding Remarks on Mineral Relationships
The fact that the young larch produces annually a
complete crown of 500-600 gm of foliage containing the
amounts of minerals indicated in the larch foliage bar of
Figure 7, while the lodgepole pine produces 200-250 gm of
foliage containing the much smaller amounts of minerals
indicated in the 1964 pine foliage bar of Figure 7,
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accentuates possible differences in the annual demands the
two species make on the site.

Comparing the amounts assumed

to be required for annual foliar production shows that the
larch requires about three times as much N, four times as
m u c h P, three times as much K, and four times as much Ca as
the pine.

This difference in demand is complicated by the

possibility that the reserves of minerals in the perennial
organs of the pine may be greater due to the amounts retained
in the perenniating foliage than the amounts retained in
only roots,

stems, and branches of larch.

Another factor

to consider is that a larch annually releases in the litter
approximately equal amounts of N and Ca, but nine times as
much F and five times as much K as a comparable pine.

These

amounts are shown in Figure 8 which is to the same scale as
Figure 7 for ease of comparison.

Until amounts of redistribu

tion and retention of the minerals can be estimated, the
possibility of a greater demand for N and Ca by a larch stand
cannot be reliably ascertained.
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V.

CONCLUSIONS AND SUMMARY

Because the data of this study are based on a limited
number of sample trees and variability between the trees was
high, the reliability of the results is questionable.

This

study of the problems of foliar analysis and mineral relation
ships of western larch and the complementary coverage of the
problems for lodgepole pine has been extremely broad and did
not permit a sufficient study of any one problem.

It did

serve to introduce initial data and to define more clearly
the problems.
Season
The seasonal study of larch foliar mineral content
through the growing season indicated that, at least in the
case of N, there was no plateau period of constant mineral
composition.

The N content gradually increased to a maximum

in midsummer,

and then gradually decreased to a minimum just

before abscission and in the litter.

No corresponding study

of seasonal trend in lodgepole pine foliar content was
intended, but it was observed that the K content diminished
rapidly in current foliage during a four-week period from
the middle of July to the middle of August.
Position
As a general trend the N, P, and K content of foliage
decreased from the apex to the base of the crown in both
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Larch and lodgepole pine.

The Ca content increased from

apex to base in both spp.

Needles from the upper and middle

portions of the crown of larch did not differ significantly
in either N or Ca content.

Needles from the middle and

lower portions of the crown of lodgepole did not differ
significantly in either N or P contents.
Age
As a general trend the N, F, and K content decreased
from current to older needles of lodgepole pine.
content increased in the older needles.

The Ca

Three and four year

old needles did not differ significantly in either P or K
content.
Sampling Procedures
This study did not indicate any season of constant
mineral composition of larch foliage, but the recommended
season for sampling is in midsummer after extension growth
of the tree has completed.

This time is recommended because

the foliage then had a maximum N content.

Leyton (1956,

1957) also sampled Japanese larch at that time.
sensitive and reliable index value for the

1 2

The most

year old trees

studied can be obtained by sampling foliage of larch from
the m iddle part of the crown, and by sampling foliage of
lodgepole from the upper part of the crown.

Literature

indicated that the current needles of lodgepole should be
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sampled in the late fall.
Comparisons of Mineral Relationships
An estimate of the total amounts of mineral nutrients
present in the midsummer foliage of the two species was
made.

The grams of foliar Ca on a comparable tree in m i d 

summer was greater for the pine, whereas in the case of the
other minerals,

the amounts did not differ.

An estimate of the amounts of minerals required for
annual foliage production of the two species was made.
Foliar production of larch required roughly three times as
much N, four times as much P, three times as much K, and
four times as much Ca as the production of foliage of a
comparable pine required.
An estimate of the amounts of minerals returned to
the soil annually by the needle litter of the two species
was made.

Larch annually returned as needle litter approxi

m a tely equal amounts of N and Ca, but nine times as much P
and five times as much K as a comparable pine.
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APPENDIX I
CHEMICAL METHODS OF ANALYSIS
I,

Nitrogen Determination
Ao

Digestion in the Aminco micro-Kjeldahl Apparatus
(American Instrument Co.,
1.

1959a, 1959b),

Weigh 0,2 gm samples to nearest mg and place in
Aminco 30 ml combination digestion-distillation
flasks.

The digestion mixture in each flask

includes:

2.

a.

0 . 2

gm sample

b.

0.13 gm HgO (catalyst)*

c.

1 . 2

gm K 2 S0 ^*

d.

2 . 0

ml conc. H 2 S0 ^

e.

two small glass beads

Heat cautiously at first to minimize frothing.
When settled down and vigorous evolution of SO 2
gas has finished, add 0,5 ml more H 2 S0 ^ to keep

3.

acid index (Bradstreet,

1957)near

to 1.0,

Rotate and swirl flasks

during digestion

to allow

refluxing sulfuric acid to wash down sides of
flask.

If necessary wash sides of flask with

30 percent H 2 O 2

(when adding H 2 S0 ^).

In actual practice the catalyst and potassium sulfate
are premixed in larger quantities in the proper proportions.
Then 1.33 gm of the mixture is weighed and used in the diges
tion.
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4,

Continue digestion at highest heat to reflux
sulfuric acid for 60 minutes after all material
has cleared.

5,

Cool and cautiously add 20 ml of water when
crystals start to form to prevent the formation
of a solid cake of K 2 S0 ^ and other salts.

6

,

Comments:

Because preliminary diphenylamine

tests of the tissue for nitrates (Jackson,

1958)

were negative, prior treatment with salicylic
acid and sodium thiosulfate was not needed.
This treatment prevents escape of nitric acid
and reduces nitrogen to ammonia when nitrates
are present in the material digested.
nitrates were not detected,

Since

it was assumed the

digestion procedure employed above did digest
total nitrogen into ammonia,
B.

Distillation in the Aminco distillation apparatus,
1.

The combination digestion-distillation flask is
placed on the apparatus, a 125 ml erlenmeyer flask
containing 5 ml of a 4.0% boric acid solution is
placed under the stem of the condenser and

1 0

ml

of 40% NaOH solution is introduced through the
funnel.
5

The 40% NaOH solution should contain

.0 % Na^SgO^, which acts to decompose any mercury-

ammonia complex formed during the digestion pro
cess.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89

2,

When steam is introduced,

the liberated ammonia

is steam distilled in the apparatus, condensed,
and absorbed in the boric acid solution, which
contains a few drops of Bromo-cresol Green-Methyl Red mixed indicator.*

Distillation is

timed at four minutes, beginning when the first
drops of condensate enter the boric acid solution.
During the first three minutes the receiving
flask is positioned with the stem of the condenser
in the absorbing solution.

For the final one

minute the flask is lowered so that the distillate
washes out the stem,
C.

Titration
The ammonium borate is then titrated with 0.0714
N HGl solution.

The color changes at the end point

from a dark blue to a faint, almost colorless,
orange.

Using this normality the computation in

volves only the division of the ml of titrant by the
mg of sample, according to the general equation;
% N = 100 X net ml titrant x normality of titrant x meg N
mg of sample

*The mixed indicator employed for the visual titra
tion of the ammonia is prepared by mixing five parts of a
0.1% solution of Bromo-cresol Green with one part of a 0.1%
solution Methyl Red,
The 0,1% solutions of the indicators
are prepared by dissolving 0 . 1 0 0 grams of each indicator
in 1 0 0 ml alcohol.
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II.

P, K, and Ca Determinations
A.

Wet ash digestion (Jackson, 1958).
1,

Weigh
place

2,

about 2 gm of tissue

to the nearest mg and

into a 125 ml erlenmeyer flask.

Add 30 ml conc, HNO^,
subsides or overnight.

let sit until foaming
If reaction is very

rapid, cool flask in tap water,
3,

Bring to a gentle boil on a hot plate,letting
the acid evaporate almost to dryness.

4,

Cool
conc,

somewhat, then add 20

ml of 1;1:2 of water,

H N O 3 , and 60% HCIO^.

Heat on a hot plate

to boil acid, discharging acid fumes through
apparatus described in Jackson (1958, p, 243)
until only a drop of fluid remains.

This requires

a fairly high setting on the hot plate and several
hours.

The residue should be free of carbon; if

not, repeat steps 2, 3, and 4,
5,

Cool slightly, then add 2.5 ml conc, HCl
ml water.

and 40

Heat on the steam bath for 20 minutes.

Filter through Whatman #1 using hot water and a
policemen into a 100 ml volumetric flask.

Rinse

the beaker at least three times and the paper
twice.

Cool, make to volume with water, and mix

thoroughly by upending at least
6

,

1 0

times.

Transfer volumetrically into a storage bottle
and save for future analysis.
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B.

Phosphorus determination (Jackson,
1,

1958).

Solutions;
a.

Stock standard;

dissolve 1.433 gm K H 2 PO 4

dried at 40° G, in about 600 ml water in a
1 liter volumetric flask.
H 2 SO 4 .

Fill to volume.

Add 25 ml 7 N
This contains 1 mg

PO^/ml.
b.

Working phosphate standard;

Pipet 20 ml of

the stock standard solution into a
vol.

flask and make to volume.

1 0 0

ml

Use 0, 5,

10, and 15 mis of this solution to give a
standard of 0, 1, 2, and 3 mg PO^/ml
respectively.
c.

Combined ammonium-molybdi-vanadate reagent.
(1) Solution A;

25 gm ammonium molybdate in

400 ml water.
(2) Solution B;
in 300

ml boiling water.

250 ml

conc. HNOg. Cool, mix A

make to
2,

1.25 gm ammonium metavanadate

Method;

1

Cool, then add
and B

and

liter,

Pipet 10 ml of the wet ash digest, or

the appropriate amount of working standard
solution,
1 0

into a 125 ml erlenmeyer flask.

Add

ml of the combined ammonium molybdi-vanadate

reagent, and an amount of water to make the
reading mixture

1 0 0

ml, measured in a graduated
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cylinder.

Mix,

and read on the K-S colorimeter

at least 10 minutes after mixing using the No. 42
(blue) filter, after adjusting the instrument to
0

3.

with a reagent blank.

Computations:
% P = 0.326 X d

a,

b,

c

=

number
added

of
to

milligrams
the

of

standard

PO^

reading

mixture.
X,

y,

z

=

respective
of

d

=

calibration
C.

Flame

1.

gm

computation

of

reading

of

sample

sample.

averages

three

standards

to m a k e

linear.

photometric

All

readings

standards,

colorimeter

e =
The

colorimeter

determination

procedures

as

in

Ga.

operating

Inc.,

1960) w e r e f o l l o w e d w i t h t h e e x c e p t i o n t h a t

maskings,
were

other

with

the

Instruments,

sodium

manipulations

additions,

with

sodium,

omitted.
Sera

Ca

and

dealing

(Coleman

direc

for

material

analysis

the

and

tions

the

serum

given

of K

and

K

meq/liter

preparations
content
of

for

contain

sodium;

this

the
an

flame

average

amount

reading
of

6.0

interferes
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Ca and K flame determinations and must be
allowed for.

Sodium in the plant tissue was

found to average 0.0136%; an extract of 2.0 gm
of needle tissue diluted 50 times for the flame
reading of Ca and K content then contained about
0.00236 meq/liter of sodium.

Since this low

amount of sodium was found not to interfere with
the Ca and K flame determinations, no corrections
were made.
2.

Reagents;
a.

Reagent No. 5;

0.02% detergent.

used for both flush and blank.

This was
Flush was

necessary to negate the possibility of con
tamination of the standards, blanks and
samples via quantities of solutions adhering
to the capillary, and was used after every
measurement or setting except blank.

Blank

would not cause contamination.
b.

Reagent No.
detergent.

6

;

0.1 meq/liter K and 0.02%

This was used for the high

standard (galvanometer index setting of 80%
transmittance)
c.

Reagent No. 10;
detergent.

for most determinations,
0.2 meq/liter Ca and 0.02%

This was used infrequently for

the high standard (galvanometer index
setting of 80% transmittance) for those
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determinations in which the sample measuring
mixture, due to a high percentage of Ca in
the tissue or a sample weight greatly in
excess of 2,0 gm, contained Ca greatly in
excess of

0 , 1

meq/liter.

The following reagents were not given by
Coleman (1960), but were devised for the
plant tissue analysis,
d.

Reagent No,

6

Pj^:

0,05 meq/liter K and 0,02%

detergent.

This was used for the low

standard (galvanometer index read after
setting reagent No,

6

to 80% transmittance;

the reading was usually 39% transmittance),
e.

Reagent No,
detergent.

6

?2 î

0,15 meq/liter K and 0,02%

This was used infrequently for

the high standard (galvanometer index setting
of 80% transmittance) for those determinations
in which the sample measuring mixture, due to
a high percentage of K in the tissue or a
sample weight greatly in excess of
contained K greatly in excess of
f.

Reagent No. 10 P^î
0,02% detergent.

2 , 0

0 . 1

gm,

meq/liter.

0,1 meq/liter Ca and
This was used for the high

standard (galvanometer index setting of 80%
transmittance) for most determinations,
g.

Reagent No, 10 P 2 Î

0.05 meq/liter Ca and
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0,02% detergent.

This was used for the low

standard (galvanometer index read after
setting reagent No,
tance;

10

to 80% transmit

the reading was usually 43% transmit

tance).
3.

Method:
a.

O n e ml of sample extract was transferred by
VOlumetric pipet into a 50 ml volumetric
flask;

the flask was nearly filled with

distilled water.
added,

One ml of 1% detergent was

and the flask was brought to volume

and then mixed thoroughly by upending
times.

1 0

This was the sample mixture read in

the flame photometer.
b.

The procedures as given in the operating
directions for K (Coleman,

1960, pp. 31-33)

and Ca (Coleman,

34-35) were

followed,

1960, pp.

except that no sodium was used for

blank or added to the sample, as explained
above,

and two standards were averaged for

g reater accuracy.
4,

Computations:
/a + b ’
% K = 0,391 (50) X d l^x
/a + b
% Ca = 0.200 (50) x d \ x ^ y
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a, b = meq/l i t e r of the element in the
standard solution for the flame
calibration»
X, y = readings of the standards on the
galvanometer index,
d = reading of the sample on the
galvanometer index,
e = g m of sample.
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APPENDIX II
TABLES OF STATISTICAL ANALYSES
T h e significance of the *»F” ratio is indicated by
the asterisks:

one asterisk (*) indicates significance

to five percent probability,

two asterisks (**) indicate

significance to one percent probability,

TABLE 1
THE VARIATION W I T H DATE OF COLLECTION
IN L A R C H FOLIAR NITROGEN CONTENT

S ource of
Variation

S u m of
Squares

Date
Residual
Total

1.286
0.466
1.752

Degrees
of
Fre e d o m

8

31
39

Variance

0.1607
0.0151

Sample
F Ratio

10.67**

Summary:
The variation between dates of collection is
significant w h e n compared to the variation within each
date.
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TABLE 2

THE V A R I ATION W I T H TREE AND POSITION
IN L A R C H F O L I A R MINE R A L CONTENT FOR EACH ELEMENT

S o u r c e of
Variation

S u m of
Squares

Degrees
of
Freedom

Variance

Sample
F Ratio

0.03563
0.04727
0.007816
0.002864

12.44**
16,50**
2.72*

A. N i t r o g e n
Tree
Position
T X P
Residual
Total
B,

2
1 2
2 1

41

0.01014
0,04473
0.00865
0.0009475

6
2
1 2

41

0,016906
0.022364
0.0007210
0.00004512

374.69**
495.67**
15.98**

0.7329
0.10692
0.005341
0.0008642

84.81**
123.71**
6.18**

0,004102
0.004915
0.0007977
0.0002446

16.76**
20.09**
3.26**

Potassium

Tree
Position
T X P
Residual
Total
D,

6

Phosphorus

Tree
Position
T X P
Residual
C,

0.21377
0.09453
0.09380
0.06014
0.46230

0.43976
0.21383
0.06409
0.01715
0.73393

6
2
1 2
2 1

41

Calcium

Tr e e
Position
T X P
Residual
Total

0.02461
0.009829
0.009573
0.005138
0,04915

6
2
1 2
2 1

41

Summary:
Since all the main effects and interactions had
signi f i c atn F values, the residual variance estimate for
e a c h element is an estimate of the variation within the
entire p opulation of that e l e m e n t ’s foliar content.
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TABLE 3

THE VARIATION W I T H TREE AND ELEMENT
IN L A R C H F O L I A R M I N E R A L CONTENT F O R EACH POSITION

S o u r c e of
Variation

S u m of
Squares

Variance

Sample
F Ratio

6
3
18
28
55

0.02040
7.0186
0.01145
0.002169

9.41**
3236.37**
5,28**

6
3
18
28
55

0.02644
75.19**
7.2733
20688.75**
43.83**
0.01541
0.0003516

6
3
18
28
55

23.74**
0.01174
12706,06**
6.28360
13.57**
0.006712
0.0004945

Degrees
of
Freedom

A, U p p e r Position
Tree
E l e ment
T X E
Residual
Total

0.1224
21.0559
0,2061
0.06072
21.4452

B. M i d d l e Posi t i o n
Tree
E l ement
T X E
Residual
Total

0.1586
21.8207
0.2773
0.009844
22.2659

C • L o w e r Position
Tree
Element
T X E
Residual
Total

0.07044
18.8508
0.12081
0.01385
19.0559

Summary;
Since all the main effects and Interactions had
h i g h l y significant F values, the residual variance estimate
f or each p o s i t i o n Is an estimate of the variation within
the entire population of that position's foliar content.
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TABLE 4

THE V A R I A T I O N W I T H TREE AND AGE
IN LODGE P O L E PINE F O L I A R MINERAL CONTENT
F O R EACH ELEMENT
W I T H POSITION A V E R A G E D OR, F O R THE 1962 A N D 1961 FOLIAGE,
THE VALUES WERE F R O M A COMPOSITE SAMPLE
OF THE ENTIRE CROWN

S o u r c e of
Variation

S u m of
Squares

A. N i t r o g e n
Tree
Age
T X A
Residual
Total

0.47989
0.26944
0.24936
0.007048
1.0057

B, P hosphorus
Tree
0.004107
0.029850
Age
0,0059804
T X A
Residual
0.0002310
Total
0.04017
C. P o t a s s i u m
Tree
0.25587
0.65141
Age
0.15720
T X A
0.005717
Residual
Total
1.0702
D. C a l c i u m
Tree
Age
T X A
Residual
T otal

0.26609
1.19534
0.13485
0.002700
1.69897

Degrees
of
F reedom

7
3
2 1

32
63
7
3
2 1

32
63
7
3
2 1

32
63
7
3
2 1

32
63

Variance

Sample
F Ratio

0.68555
0,089813
0.011874
0.0002203

311.26**
407.78**
53.91**

0.0005867
81.28**
1378.34**
0.0099499
39.45**
0.0002848
0.000007219

0.036553
0.21714
0.007486
0.0001786

204.60**
1215.38**
41.90**

0.38013
0.39845
0.006421
0.00008437

450.52**
4722.32**
76.10**

Summary:
Since the main effects and interactions had
signif i c atn F values, the residual variance estimate for
e a c h element is an estimate of the variation within the
e n t i r e p o p u l a t i o n of that element's foliar content.
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TABLE

5

THE VARIATION W I T H TREE AND ELEMENT IN LODGEPOLE PINE
F O L I A R M I N E R A L CONTENT FOR EACH AGE,
W I T H POSIT I O N A V E R A G E D OR, F O R THE 1962 AND 1961 FOLIAGE
THE VALUES WERE F R O M A COMPOSITE SAMPLE
OF THE ENTIRE CROWN

S o u r c e of
Variation

S u m of
Squares

Degrees
of
Freedom

A. F o l i a g e Produced in 1964
Tree
0.26637
7
Element
8.83735
3
0.39212
2 1
T X E
Residual
32
0.007039
Total
9.5928
63

Variance

Sample
F Ratio

0.03805
2.9458
0.01867
0

.

0

0

0

2

2

172.99**
13391.82**
84.89**
0

0

B,
F o l i a g e Produced in 1963
0.14271
7
Tree
3
Element
10.7177
2 1
0.14108
T X E
0.005234
32
Residual
63
11.0067
Total

0.02038
3.5726
0.006718
0.0001636

C,
F o l i age 1 Produced in 1962
7
0.11187
Tree
3
11.25974
E l ement
2
1
0.14464
T X E
32
0.0007660
Re s i d u a l
63
11.5170
Total

667.63**
0.01598
156793.62**
3.7532
287.74**
0.006888
0.00002394

124.64**
21842.32**
41.08**

D.
F o liage 1 Produced in 1961 and Earlier
314.00**
0,025699
7
0.17989
Tree
62083.54**
5.08318
3
15,2434
Element
101,64**
0.008318
2 1
0.17468
T X E
0.00008184
32
0,002619
Residual
63
15.6006
Total

Summary:
Since the m a i n effects and interaction had
s ignificant F values, the residual Variance estimate for
e a c h age is an estimate of the variation within the entire
p o p u l a t i o n of that age's foliar content.
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TABLE 6

IN

THE V A R IA T IO N W IT H T R E E , P O S IT IO N , AND AGE
LODEGPOLE P IN E F O L IA R M IN E R A L CONTENT FOR EACH ELEMENT

Source
of
Variation

Sum
of
Squares

A.
Nitrogen
0.55447
Tree
0.05445
Position
0.07259
Age
T X P
0.16141
0.02813
P X A
0.16390
T X A
0.05834
T X P X A
0.01972
Residual
1.11301
Total
B.
Phosphorus
0.01237
Tree
0.003100
Position
0.026839
A ge
0.0016905
T X P
0.0003373
P X A
0.0092052
T X A
0.0002769
T X P X A
0.0002515
Residual
0.0540729
Total
C. P o t a s sium
0.19241
Tree
0.030195
Position
0.46976
Age
0.026699
T X P
0.003852
P X A
0.13480
T X A
0.004173
T X P X A
C* . Adjust
Tree
Position
Age
T X P
P X A
T X A

Degrees
of
Freedom

4
2
1
8
2

4
8

30
59
4
2
1
8
2

4
8

30
59
4
2
1
8
2

4
8

Potassium
same as above same

Variance

0.13862
0.02722
0,07259
0.02017
0.01406
0.04097
0.007293
0.0006573

Sample
F Ratio

1 0 .8 8 **
41.42**
110.43**
30.69**
21,40**
62,34**
11.09**

2

368.94**
0.003093
184,91**
0.001550
3201.51**
0.026839
25.21**
0,0002113
2 0 , 1 2 **
0.0001686
274.51**
0.0023013
4.13**
0.00003461
0.000008383

0.048101
0,015097
0,46976
0.003337
0,001926
0,03370
0.0005216

163.94**
51.46**
1601.08**
11,37**
6.56**
114,86**
1.78

same

140.87**
44,21**
1375,60**
9.77**
5.64**
98,70**

II

•1

II

ti

II

II

It

II

II

II

II

II

II

II

II
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TABLE

S ource
of
Variation

Sum
of
Squares

6 C O N TIN U ED

Degrees
of
Freedom

Variance

Sample
F Ratio

C * . A d j u s t e d Potassium Continued
Adjusted
Residual
0,012975
0,00034144
38
Total
(for C and
0,87069
59
G»)
D,
Calcium
Tree
Position
Age
T X P
P X A
T X A
T X P X A
Residual
Total

0.051365
0.071492
0,33795
0,011456
0,013915
0.011790
0,004158
0.0030465
0,504275

4
2
1
8
2

4
8

30
59

0,012841
0,035746
0,33795
0,001432
0.0069577
0,0029575
0,0005197
0,00010155

126.45**
352,01**
3319,05**
14,10**
68,52**
29,03**
5 . 1 2 **

Summary;
Since the main effects and interactions had
significant F values (except as explained below), the
residual vari a n c e estimate for each element is an estimate
of the v aria t i o n w i t h i n the entire population of that
e lement's foliar content.
In the case of Potassium, the
second order interaction (tree x position x age) was not
significant; therefore the variation due to this interaction
w a s included in the R e s i d u a l Variance estimate as adjusted
in part C '.
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TABLE 7
THE V A R IA T IO N W IT H E LE M E N T, T R E E , AND AGE
I N LODGEPOLE F IN E F O L IA R M IN E R A L CONTENT
FOR EACH P O S IT IO N

S o urce
of
Variation

Sum
of
Squares

A.
U p p e r Position
E l ement
18.6340
0.19279
Tree
0.054602
Age
0.23992
E X T
0.090437
T X A
0.23787
E X A
0.089332
E X T X A
0.0040700
Residual
19.533068
Total
B.
M i d d l e Position
25.43640
Element
0.13936
Tree
0.031839
Age
0.23573
E X T
0.041526
T X A
0.26887
£ X A
0.040026
E X T X A
0.016198
Residual
17.142601
Total
C.
L o w e r Posi t i o n
15.69643
El ement
0.042479
Tree
0.002903
Age
0.16154
E X T
0.07547
T X A
0.35638
E X A
0.062870
E X T X A
Residual
0.011516
Total
16,406665

Degrees
of
Freedom

3
4
1
1 2

4
3
1 2

40
79
3
4
1
1 2

4
3
1 2

40
79
3
4
1
1 2

4
3
1 2

40
79

Variance

Sample
F Ratio

6.21134
61045.17**
473.69**
0.048198
0.054602
536.63**
0.01999
196.50**
0.020109
197.63**
0.079390
779.26**
0.0074443
73.16**
0.00010175

13474.13**
5.45635
86.04**
0.034841
78.62**
0.031839
0.019644
48,51**
25.64**
0.010382
221.31**
0.089622
8.24**
0.003335
0.00040495

5.23214
0,010619
0.002903
0,013461
0.018136
0.11879
0.0052392
0.0002879

18173.48**
36.89**
10.08**
46,75**
62.99**
412.62**
18.20**

S u m m a r y : Since the m a i n effects and interactions had
significant F values, the residual v a r i a n c e estimate
for each position is and estimate of the v a r i a t i o n wit h i n
the entire population of that p o s i t i o n ’s foliar content.
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TA B LE 8
THE V A R IA T IO N W IT H P O S IT IO N , E LE M E N T, AND TREE
I N LODGEPOLE P IN E F O L IA R M IN E R A L CONTENT
FOR 1 9 6 4 AND 1 9 6 3 NEEDLES

Source
of
Variation

Sum
of
Squares

Degrees
of
Freedom

Variance

Sample
F Ratio

A.
F o l i a g e Produced in 1964
Position
0.02287
2
E l ement
28.59245
3
0.45461
4
Tree
0.05996
6
P X E
1 2
0.46137
E X T
0.05533
8
P X T
24
0,09548
P X E X T
Residual
60
0.01643
29,75851
119
Total

0.011439
9.530816
0,11365
0.009994
0.038448
0,006916
0.003978
0.0002738

41.76**
34798.82**
414.96**
36.49**
140.38**
25.25**
14.53**

B,
F o l i a g e Produced in 1963
2
0.006468
Position
3
22.79406
Element
4
0.01469
Tree
0.11617
6
P X E
1 2
0.19963
E X T
8
0.04450
P X T
24
0.07285
P X E X T
60
0.01543
Residual
119
23.26381
Total

0.003234
7.59802
0.003674
0,019361
0.016635
0.005563
0.003035
0.0002573

12.56**
29531.72**
14.28**
75.25**
64,66**
21.62**
11.80**

Summary:
Since the main effects and interactions had
h i g h l y significant F values, the residual variance estimate
for each age is an estimate of the variation within the
e ntire p opulation of that age's foliar content.
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